
AD

6 8-1865

(0 TRANSPARENT ARMOR: A LITERATURE SURVEY

TECHNICAL REPORT

By

Robert E. Ofner

July 1968

SCIENCE & TECHNOLOGY LABORATORY

RESEARCH & ENGINEERING DIRECTORATE

U. S. ARMY WEAPONS COMMAND
This document has been approved for public release and sale;
its distribution is unlimited.

Rf.,p~oduced by the

for Fcde.,ral Scient4I I ' Tpchnicai:nformation Sprin held V,, 22151 4



AD,

SCIENCE & TECHNOLOGY LABORATORY

RESEARCH & ENGINEERING DIRECTORATE /
Uo S. ARMY WEAPONS COMMAND

TECHNICAL REPORT

68-1865

TRANSPARENT ARMOR, A LITERATURE SURVEY

By

Robert E. Ofner

July 1968

DA No. 1G024401A105 AMS Code 5025 11o268C0,GA

This document has been approved for public release and sale:
its distribution is unlimited,

r 1



ABSTRACT

One hundred and thirty three references to published
work pertaining to transparent armor for use in the vision
ports of Army ground vehicles or in aircraft enclosures
are listed under ten categories, as follows: state of the
art; glass; plastics; glass-plastic; single crystal
ceramics; dynamic pi'operties of polymers; fiber optics;
vision blocks; militaey specifications, handbooks and
drawings; bibliographies,
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OBJECTIVE

To survey the literature on transparent armor and to
prepare a bibliography of those publications which best
describe important actievements of past yearo, the current
state of the art and the most promising approaches to the
development of minimum weight armor having an optimum
balance between optical clarity and resistance to projt ctiles,



BACKGROLND

The combat effe;eIiveness of Army land and a; r borne
vehicles is largely dependent~ upon the ability of the
crews to perfor& the vtsuai observations required by thel~r
missions, withsat undue danger from enemy gun fire. Any
material which poviden bqth t'he required visibility and
the ballistic prctection is termed "transparent armor".

Army needs for transparent armor are largely limited
o two types of applicativns, the encleszres of aircraft

and the vision ports of ground vehlv1es, Enclosures ar'!!
canopies, windows or windshlaelds w.hile vision ports are
best exemplified by the glass blocks In the cupulas of
armored vehicles, Another, elass cf item usually associated
wtth transparent, armor is thie sighting device, such ars tbe
periscope, telescopa or range finder. Here, of course,
emphast.s is placed on t~he need for unimpaired vision, with
ballistic protection as a secondary requirement.

Transparent, armor, combining -,ptmum vislbility and
rcosistance to projectile penetration, has been an exceedingly
difficult item to develop, la4-ely because of the :,nherent
incompatibility of these pro7perties in available materials.
Until shortly after Wu'rld War 1T., transparent armcr usually
consisted of "safety" or, "bullet proof" glass, two or more
panels of glass laminated with a thin, flexAble ptastic
interlayer. Although glass has the best cptleal properties
of all known materials, it, i~s br~ittle and has lttle ten-
dency to defeat projecttles unless t Is used in thick-
nesses so large that vtsion is impaired and the w~eight ann,
volume of the armor, become unacceptable.

The post war era brcught fartb a proliferati7: olt new,
commercially available plas~c and elastoers, seweral
with good~optical clarity and same with excellest resistar-E
to Impact and projectile~.exain A large amount if
research was tnitiated tc make use of these nev, polymers
In glass-plastic composite armoc or in a1l-plasttc lamin-
ated ar~mor. The use of th~e De*, v-ransparent rubbers as
interlayers was also-, invesfiga! ed. These efforts aire sro-
tinuing today and significaat. red~~ctkns ..n the weignt at
"bullet proof" glass have been achieved witboult loss ~f
ballistic pro~tectt nn.

The inftux of plast~cs and rubber's inteo a field he-.
tofore served pr1,%a,,-iv by glass, stimulated a large eff-
by major, glass marufactarer, n improuve tniet pr -rct.
Stronger, highes, modult glas-,s w:tL improved clayiT ar~
better, res~stance to, aging t~ave Tssilled, Fiber o-p!,,cs-



mybe of value here, This research efi'ot is also con.-

In about 1963, the U , S. Army Natick Laboratories,
in conjunction with the Army Materials Research Agency
(now the Army Materials and Mechanics Research Center),
initiated efforts with industry toward the development
of single crystal ceramics. Details of this work are
classifled bmt the "synthetic sapphire" holds much prom-
ise for the future of IJgkutweight transparent armor.

The many polymers synthesized in recent years have
prompted the development of new analytical tools and tech-
niques for determining their properties. A vast amount
of research invoving these analytical methods is cur-
rently in progress to investigate the photoelas tic prop-
erties of polymers, to conduct dynamic stress analyses on
polymers aF a function of their structure. A more funda-
mental understanding of these properties and responses of

mateialsis necessary to inszure continued advances In
thedevlopentof lightweitght, transparent armor.

This survey was prepared for use by the Army designer
of transparent armor, with the hop~e that by examining Ju-
dicious selections from the referenced reports and papers,
he might become familiar with the state of the art and
with the anticipated developments of the future, thereby
increasing h-is capability to provide the Army with ths
best transparent armor available.

Future Efforts _by the Army Weapoxs Command (AWC),

Bearting in m0knd that AWC's primary interest in trans-
parent armor lies with vislin blocks and fire control
sighting devIces. t.hree appracIe appear to be applicable
to the future Improvement of these -tems, namely, the
Improvement of the all-pelymert (plastic or plastic-=
ruber)armor,, the development of sIngle crystal ceramic

armor and the use of f. ber opt,1 s.

Although plastIc armr)) aotc: -,teady been developed with
improved ballistic p~c.n~ that obtainable wilh -%,e
same weight aud thid .Iness of saft,'ty glass, much work crea ,s
to be done. New. commerc,&kltl av ilable rubbers and pla :
tics Deed to b6 evalisated ba-c-ti-spill materials and ts
interlayers;- imprx'oved resl~saD, to ag10ag, discoloraioo.
and soratch'ing Is needed to polymeric composite arpox,
impraved r e sanre to rnr&reextremes is required
and compvc ..ie armor' made zJ xaterials having like co-,
efficlonts -,f the) mal axpanaison 9,s required. Program
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funding in these areas of endeavor should be considered
by AWCo

Single crystal ceramics are currently under develop-

ment through the joint efforts of the Army Natick Labora-
tories, the Army Materials and Mechanics Research Center
and private industry. This work should be monitored
closely by AWC in order thar the knowledge required to
use these ceramic materials in armor might be available
at such %Jma as they become economically competitive
with more conventioral materials,, The cost of fabri-
cating the single crystal tsterials is exorbitant at this
time°

The techniques of fiber optics need to be investiga-
ted, especially in relation to s~ghtng devices. Fiber
optics may provide novel methods of obtaining external
visibility from the interior of armored vehicle. Funding
of programs in this area is recommended,

Sources for the BibliographX

No bibliography on transparent armor was known to the
author at the onset of this survey. Accordingly, a "Report
Bibliography on Transparent, Armor" was tequested from the
Defense Documentation Center (DDC)o Thirty seven of the
fifty military reports abstracted .n the DDC b1bliography
were applicable to transparent armcor and were obtained
from DDCo Many of these repor'ts contained references to
other reports, books and published articles, including a
few bibliographies on armor. These were obtained wheneve'
possible or the references were listed when applicable.
No open literature was sirveyed because the majority of
pub!lcatlons on transparent armor are classified, o A,,
Alesi of the Natick L:abo1,vALes and Mr. G. Parsons of
Army Materials and Merhant s Researrb Center we ve 'r rfe 2
in furnishing references t, m l tary r'epcxts0
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Army Aircraft (U), U. S. Army Materials Research Agency
Monograph Series, AMRA MS 63-03. E. N. Hegge and M, F.Medeiros, May 1963, Confidential, AD354270.

"Engineer Design Test of Plexiglas 11 Transparent
Plastic (Ballistic Evaluation)" (U). Aberdeen Proing Grourd
Report DPS=959, R. J. Vancaneghem. June 19630 ConfidenLial,
AD337090.

"Reduction sf Army Aircraft Vulnerabilitv" (U) Bal-
listtc Research Laboratories Memorandum Report o 1496o
p. 29, J. J. Dailey, et al, August 1963 Confidential,
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AMRA MS 64-07 Fo S. Mscianica, September 1964, fideo: l,
AD354074.

"Proceedings of Symposium on Lightweight Armar Mait1s"
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Research Agency AMRA TR 65-3J, June 1965, Secret.
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AD630913.
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Structure", Contract No. DA-44-177-AMC-189(T), No)rth
American Aviation, Inc. for U. S. Army Aviation. Materiel
Laboratories, Report 66-5, March 1966, AD631467.
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U. S. Army Materials Research Agency, C. W. Semple, 11 June
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"Proceedings of the Second Symposium on Lightweight
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5-6 May 1966, Army Materials Research Agency Monograph
Series, MS 66-07, Vol II, October 1966, Secret, AD378973o

"Study of Hot Stretchiing of Transparent Plastics",
Contract No. DAl9-129-AMC-844(N), Lowell Technological
Institute Research Foundation for U. S. Army Niatick
Laboratories, November 1967.

Glass-Plastic

Studies which deal with both glass and plastic as
individual armor materials, or which deal with the use of
both materials in composite structure, are referenced here.

'Temperature Limiations Of Pu01ly-Aui-
Royal Aircraft Estab1shm-nt Tehnical Note No. CPM 539
April 1964, Clearinghouse for Federal Scientiflc and
Technical Information Accession N67-22782,

"Proceedings of Symposium on Lightweight Armor Materials"
(U), U. S. Army Materials Research Agency, MS 65-01, March
1965, Secret.

"Transparent Materials for Aerospace Enclosures", Air
Force Materials Laboratory Conference, Dayton, Ohio, 8-10
December 1964, AFML Technical Report 65-212, September 1965,
AD473543o

"Transparent Composite Armor Materials for Aircraft
Applications" (U), Contract No. DA-04-495-AM-328(Z),
Asrojet-General Corporation for U. S. Army Natick Labora-
tories, Technical Report 67-6-CM (Final Report), July 1966,
Confidential, AD376983.

14



"Informa'ton for Selection of Lightweight Armor Ma-
terials for Aircraft" (U), Contract No. AF33(615)-3331,
Goodyear Aerospace Corporation for Air Force Materials
Laboratory, September 1966, Secret , AD376262o

!Development of Transparent Armo, System for Aircraft"
(U), Contract No. DA-19-129-AMC-742(N), Swedlow, Inc. for
U.S. Army Natick Laboratories , Technical Report 67-44-CM,
December 1966, Confidential, AD380442.

The Effect of Nylon Glass Arrangements In Defense
Against Shaped Charge Ammunition" (U), Ballistic Research
Laboratories Shaped Charge Research Report No. 3-57, July
1957, Confidential.

"Transparent Materials for Aircraft Enclosures , WADC
University of Dayton Joint Conference", Wright Air Develop-
ment Center TR57-4210 October 1957, AD142021o

"Transparent Ceramic Composite Armor" Patent Appl;-
cation submitted by U. S. Army Materials Research Agency,
AMC Docket Nr. 3476.

Single Crystal Ceramics

These reports cover the recently developed 1' fyxhet .
s~pphires". Other discussions on this subject may be f Dand
in the state of the art report.o

"Ceramic Composite Armors" KU), C0 W. Semple, U. S.
Army Materials Research Agency Technical Report 65-26,
Oc1ber 1965, Secret.

"A Comarison of the .Impact Behavior An Comp,,,sles of
Single ( ystal and Polyc'vs~.line Ceramics" (U), Ao L.
Alesi, M. 1. Kliman and G. R. Thomas, Io S. Army Natic
Laboratories, 21 Jrne 1966,, Secret, AD3743360

Dynamic Poerties of Polvmer's

Studies wbhk.h relate ir sticure of puclyaer t, IekT
abillty to resist fractuxe ar'e referenced here.

"Fracure and Commona-ion of Bzlttle Solid-= E,
Poncelet, Metals Technolag,? II. 1 1944o

"Theo'y of a entat. and Double Refract;cL n Po;,ers"
E. F. Gurnee, J. Appl° Phys,, 25 1232, 1954
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"The Photooiast-ic Properties of Short-Chain Molecular
Networks", L. F,. Treloar, Trans, Far. Soc. 50, 881,
1954.

"A Photeelastic Study of Dynamic Stresses in Structures",
M. V. Frocht and P. 1. Flynn, Contract No. NOy-28149,
Illinois Institute 0,' Technology for U. S. Navy, 1954.

"Propagation of Elastic Impact in Beams in Bending",
M. Goland, J. Appi, Mech., March 1955.

"Studies in Dynamics Photoelasticity", M. M. Frocht
and P. D. Flynn, J. Appl. Mech. 23, 116, 1956.

"Application of High-Speed Photography to Dynamic
Stress Analysis", D. G. Christie, From the book 'Photo-
graphie et Cinematographie Ultra-Rapides", Dunod, Paris,
1956.

"The Study of the Propagation of Stress Waves byIPhotoelasticity", J. C. Feder et al, Proc. SESA, 14, 109,
11956,

"Appicability of Dynamic Photoelastic Analysis to
the Study of Impact Phenomena", E,, S. Emerson, Presen~tation
given at Quartermaster Research and Engineering Center
Sym~posium, Sept 16, 1957, Natick, Mass.

"Dynamic Photoelasticity by Means of Streak Photography"~,
M. M. Frocht,, P. D, F".ynn and D. Landsberg, Proc. SESA 14~,
No. 2, 81, 1957.

*,.~. . 1 1rq Part~ 3: F!tht-!r Pdoirsand
Polyester Polyurethanes" (U), B. L. Hollingsw~jrth and
W. H. G. Wright Explosives Research and Development 'Cstab1ish-
ment, Waltham Abbey, England, 29 June 1960, Confidenial AD
139020.

"Investigation of the Energy A bsorpt-ion (.harac teis tics
of New Polymeric Materials" (U), Z. S. Emersov andI W. Sb~ur1ciff
Polaroid Corporation, 29 June 1960, Confident i2,1, ADi5'l-W63o

"Study of Dynamic Birefringence and Strain Produ(,ed 'In
Transparent Polymers by Mechanical Impact", A, F, Wilde,
et al, U, S, Army Natick Laboratories, Tech, Report 66-6C.'**
February 1966o

"Study of Fracture as Related to Polymer Structure",
Contract DAAG 17-67-C-0133, Illinois Institute of Technolngy
for U, S. Army Natick Laboratories, Decemter 1967,
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riber On tj ,5

The relatively new field of fiber optics, the trans-
mittal of light along "bundles" or fibers of glass, Is
covered in this bibliography because of the potential use-
fulness of this technique in sighting devices and perhaps
even in vision ports.

"Fiber Optics", N. S. Kapany, Scientific American,

November 1960.

"Ceramic Fiber Optics" (U), Contract DA-44-099-eng-

5015, Horizons Inc., Final Report, November 1964, Confide~n.1al
AD377466.

"Fiber Optics Environmental Test", Contract No.o DA-36.-
038-ORD-21165M, Nortronics. Final Report, March 1965 AD815381.

"Continuous Facsimile Scanner Employing Fiber Optice'>

Contract DA-28-043-AMC-,00164(E). Illinois Inst~Iute of
Technology Research Institute, March 1967, AD649185o

"Fiber Optics with Extended Ultraviolet TranmissJo)n'

Contract DAAB07-67-C-0542, Illinois Institute sf eehnolo.Research Institute, Triannual Report No. 1, Feluary 1968

AD665410o

Vision Blocks

The end use of transparent armor of most. inte-rest 4,,
the Army Weapons Command . s tha: nf fha vici o c~s nn
cupula of tracked vehicles. Because of this inteze '.. tti,
topic is referenced separatelyo

"Determination of RelatIve Re stance to Balu r i.
Attack of Old Detertorated 4ision Blocks as Compatea ,..+b
New Vision Blocks for Comander's Cupola", Aberdeen
Proving Ground Report No. A1-.I155.

"A Technolog:cal SLrvey ol Vision Blrck Vatey.. s
Design", Contract No. DA-20O018-23389o Aeac..fat ,p-..
Inc. for U. S. Army Tank A.+omo .ve Center. O .. b. 1952.
AD296270o

"The Dynamics of l'ermoai Ball s ."Ics -,IB s' Ic )
ation Procedures for Armr.e1i Grille Des~gxs .V1, Gulcif.-

No, DA-23-072-ORD=1302, Un;aerslty j,.f Denver fr,- -,, S
Army Tank Automotive Center, Final Report., Febrva 1962
AD328796,.
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"Research to Optimize the Ballistic Performance of
Armor Vision Blocks", Vol I, Contract No. DA-23-072-ORD-
1619, University of Denver for IT. S. Army Tank Automotive
Center, Final Report, November 1963, AD429147,

"Research to Optimize the Ballistic Performance of
Armored Vision Blocks Vol. II, Ballistic Testing and De-
sign Phase" (U), Final Report, Contract No. DA-23-072-ORD-
1619, University of Denver, Denver Research Institute,
1 November 1963, Confidential, AD347155.

"Engineer Design Test of Tank, M60AI; Evaluation of
Vision Block Configuration" (U), M. K. Spear, Aberdeen
Proving Ground Report No., DPS-2108, August 1966, Confiden-
tial, AD375476.

"Initial Production Test of Miscellaneous Types of
Vision Blocks (Ballistic Evaluation)" (U), Firing Record
No. AR-27456, 9 January 1967, Aberdeen Proving Ground,
Confidential.

MilitarSpifications, Handbooks an Drawings

MILG-174, "Glass, Optical"

MIL-G-1366, "Glass, Window, Aerial Photographic"

MIL-1P-5425, "Plastic, Sheet, Acrylic, Heat Resistant"

MXL-G-5485, "Glass; Laminated, Flat, Bullet-Resistant"

MIL-D-58139 "Dome, Navigavors Oaser-ing, Non-Pressurlzed

Aircraft, Type A-3A"

MIL-P-8184, "Plastic Sheet, Acrylic, Modified"

MIL-P-8257, "Plastic Sheet, Thermosetting, Trans.parent"

MlL-A-8576, "Adhesive, Ayllc Base, For Acrylic Plastic'"

V7L-G-8602, "Glass, Laminated, Flat, Aiicraft

MIL-B-11352, "Block Vis ,on? Bullet-Reslst*nt"
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MIL-C-18767, "Cleaning and Polishing Compound,
Transparent-Plastic Aircraft Materials"

MIL-G-25667, "Glass, Monolithic, Aircraft Glazing"

VILP-25690, "Plastic, Sheets and Parts, Modified
Acrylic Base, Monolithic, Crack Propagation Resistant"

MIL-G-25871, "Glass, Laminated, Aircraft Glazing"

Army Ordnance Corps Drawing B6285382, "Block.
Direct Vision"

A:rmy Ordnance Corps Drawing C6300790, "Block, Direct
Vision"

"Plastics for Flight Vehicles" MIL-HDBK-17, Part I!,
"Transparent Glazing Materials", August 1961

Bibliographies

The following bibliographies on armor were d'iscovered
during the course u! the literature survey. 'The few
references to transparent armor which were found in these
bibliographies have been listed under the applicable head'.gs.

"Investigation of the Energy Absorption Characterls* .:
of New Polymeric Materials" (U), Final Report, Centract D&
1-_129=QM,_Z0Q Polaroid Pa-rpoa-t-i fcrs Q---ra
and Engineering Center, 31 December 1957, Confideitial,
AD153763.

"¥_m-terials r I ,f ,bher 9, V. 13, Sept-embe' ""966,
Air Force Materials Laborator , AD489912o

"Current Status of Lightweight Armor Materais'" ,
Coi.tract No. SD-171, Battelle Memorial Institute for
Advanced Research Projects Agency, January 1967, Secret.
AD381956.
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